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LEWIS, HANSEN, OLIN, AND CAVALERI

(a} horizontal polarization

(b) vertical polarization

Fig. 8 - Return from partially submerged platform
(1-dB attenuation in receiver)
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Whitecap data obtained from this site with 1- to 1.3-m waves were very Mii4]t
data obtained at Chesapeake Beach. However, an opportunity occurred to obsi y t&
caps from waves traveling across the field of view. Data from these waves revgalb,,rnuch
higher frequency amplitude modulation than those from waves breaking towahl-.&9aclar.
Autocorrelation times on the order of 3 ms were observed. Figure 9 is characte-tti'of:
the returns for vertical and horizontal polarization. (The triangular marker ol. tb,,j:
of the boresight picture marks the range gate position.)

The increased frequency of the amplitude modulation can be explained- b;y titfel3in",--
creased rate of growth of the whitecap in range due to the angle between the>, œ,veirt
and the line of sight. Note that the growth rate of the Chesapeake Beach whlit#6aps,. P
(Fig. 6) was much higher along the water wavefront than normal to the wave . iUf-
ferences of 4 to 1 were common,

Data were also obtained on small unbreaking waves at Boca Raton, Florida. J bese
waves ranged from 0.15 to 0.3 m in height. Analysis of this data has not been'4 ,pqtd
at this time. However, several obvious facts were noted. These were as follows: 

1. The echoes (Fig. 10) had the same temporal and spatial characteristic&,afohe A
from whitecaps but were much smaller in magnitude. They had autocorrelation ,thes',-
of 10 ms or less and were widely separated in range (relatively improbable inap.ygiv
range resolution cell). ,

2. Echoes on horizontal polarization were less probable than on vertical pojmnatin
but were higher in amplitude when received. The latter effect was attributed t&t- foet
that the angle of incidence on the waves was near Brewster's angle for vertically.,p ed
radiation.

3. The lifetime of any return was on the order of 1 s or less.

MEDIAN EQUIVALENT SCATTERING CROSS '
SECTION OF WHITECAPS

The large equivalent scattering cross section of whitecaps at small radar d'ep'ryo ''
angles can be explained theoretically by assuming them to be very rough surfaeies,
wavelength of interest (3 cm). Such rough surfaces scatter incident radiation iiu]dec-
tions in the upper half space. ,:

The grazing angle of the radiation on the whitecap can be approximated;by; tMe.,surm
of the radar depression angle and half the slope of the wave when it breaks (3O..).-iBhius;
for small depression angles, the power intercept area of the whitecap can be ta t

As Asinl15' = A/4, e '(14r

where A is the actual area of the visible whitecap.
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LEWIS, HANSEN, OLIN, AND CAVALERI

With this power intercept area, the equivalent scattering cross section is

Oa = s GS = AaGS4, (2)

where GS is the gain of the scatterer in the direction of the radar receiver. Gs in this
case will be determined by the roughness of the whitecap, by the fact that energy can
scatter only into the upper half space, and by the fact that an image of the whitecap
will form in the surrounding unbroken water, i.e.,

GS = GR GST (3)

where GR is the roughness factor, aHS is the half-space factor, and GT is the target-
image factor.

For very rough surfaces GR ; 1, GHS = 2, and GT? = 2, since the image of the
whitecap can have the same power intercept area as the whitecap. With these values,,
Eq. (2) becomes

a = As. (4)

It should be noted at this point that the a, given by Eq. (4), is the mean value.
Since the target and its image are illuminated by coherent radiation, they can interfere
constructively and destructively. In addition, the coherent scatter from the different
portions of the rough surface can interfere constructively or destructively. In fact, the
whitecap's height above mean sea level and its size and structure wil change with time.
This will cause severe amplitude modulation of cr with time, as observed in the data ob-
tained in sea return measurements.

The measurement program revealed that Eq. (4) is useful and reasonably accurate.
Dividing this equation by A to obtain uO yields aC = I m2/m 2. This is on the order of
35 dB greater than the a0 quoted in standard tables for sea scatter in low-resolution
radars for sea states 3 and 4 and 3° grazing angles [1]. The difference can be justified
by the large ratio of sea surface not covered by whitecaps to that covered by white caps.

Applying Eq. (4) to the data in Fig. 4d, where A 8 was noted to be I m deep in
range by 2 m in azimuth, would yield an average a - 2 m2. This is in reasonable agree-
ment with the data, considering the statistics involved.

MULTIPATH EFFECTS

Interference between the echo from the whitecap and its image can produce a rela-
tively slow modulation on the composite return as the object and image spacing vary
with time. As previously noted, images have been observed at optical frequencies and

16
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(a) vertical polarization

(b) horizontal polarization

Fig. 9 - Returns obtained in deep water, 20 ms/cm
sweep; stretched video
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(a) vertical polarization

(b) horizontal polarization

Fig, 10 - Returns from small waves in deep water
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would be even more likely at microwave frequencies. Whitecaps appear frequenitly~-9tsea
state 3, for which the wave height and period are about 1.25 m and 4 s, resppecivw.;:KAt
a wavelength of 3.3 cm (corresponding to 9.1 GHz), the vertical lobing pattemrneif:t
(0 = sinc1 X/2H) is about 0.8°. For the CBD tests the grazing angle was 4.6, 'elthe
radar antenna was located in the sixth lobe of the whitecap interference patterrl}Fo>p;lhe
4-s period, this suggests a maximum detected modulation frequency of 3 Hz. _WAp-m-j'
radar operating ranges, the grazing angle will be much less. If it is less than O.8 . jig
signal variation due to multipath will be at the wave period, corresponding to a-fr4eque-cy
of 1/4 Hz. The elevation lobing phenomenon is suggested as one reason for obsYrved tme
delays that often occur between the formation of a whitecap and the reception' opfthe
sea spikes. It can also explain the relatively long time in which either the 8.6'orez G~ti G.Hz
return is detected in the absence of the other.

POLARIZATION DEPENDENCE OF WHITECAP ECHOES

All the data taken in this study revealed that the equivalent scattering cross n
of broken water (whitecaps) was on the order of 5 dB higher for vertical polariizt*ithan
for horizontal polarization. This agrees with Nathanson [1]. However, this di1fqroieis
not predictable on the basis of scattering from a randomly rough surface. Suph asise
should scatter all polarizations equally.

A possible clue to the cause of this polarization sensitivity was obtained froin:.6choes
from sharp-topped, unbroken waves. Such echoes are much higher for vertical' a6fztion
than for horizontal polarization. The sharp top acts as an impedance discontiniiitEoK,
surface currents induced by incident radiation. Such currents partially reflect-f_&`nm4his
discontinuity and radiate backward like long-wire standing wave antennas [2,3] 'wil*t 4s.
nificant directivity and gain. An example of such augmentation of equivalentste
cross section is evident in the variation of a with incidence angles of radiation' no.4in
wire.

Skolnik [4] shows such a plot for a rod 39 wavelengths long and 1/4 waveJngfthy in
diameter. This plot shows u falling off rapidly with the departure of the grazinganlg 0e
from 900. However, a begins to rise again at small grazing angles and peaks at.b~orie8'
to a value several orders of magnitude greater than that at larger grazing anglea.;,';
angle is the position of the largest radiation lobe of such a rod when excited by.:.&oi:nt,
at the frequency of interest, inserted at one end.

This mechanism could explain the polarization sensitivity of sea scatter sincei.thgh-
gain lobes make small angles with the reflected surface current and since no reZlededisur-'
face currents are produced by incident radiation with the E field parallel to the CbaPEtpp
of the wave. Vertically polarized radiation will induce such reflected currents on, Wave
tops with the maximum scatter gain back in the direction of the radar (in monp.a it'
systems), as shown in Fig. 11. Horizontally polarized radiation can induce such ted
signals, but the reflected surface currents will make big angles with the line of uigh m
the radar (Fig. 12) and the large high-gain long-wire lobes will miss the radar.,. '

19
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VERTICALLY POLARIZED RAINATION FROM RADAR

/1/" ySTANDING WAVE LONG WIRE
-Z ANTENNA PATTERN

/J 'INCUIDEhNF CURRENTI

ItREFLECTED CURRENTS

Fig. 11 - Vertically polarized scatter from water wave

STANDING
WAVE LONG

WIRE ANTENNA
PATTERN

SURFACE CURRENT

EX-

H. my INCIDENT RARIATiON
FROM RADAR

E

Fig. 12 - Horizontally polarized scatter
from water wave
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This phenomenon can be very important in the case of whitecaps, where 4Ppijan
abrupt discontinuity between the unbroken water and the broken water fallindqjvrthe
face of the wave (Fig. 13). In this case, echoes from horizontally polarizediaton
would originate mainly in the rough broken water, while those from vertically
radiation would originate both in front of and within the broken water. a

,_-itWHITECAP

DISCONTINUITYZ;
WAVE

Fig. 13 - Discontinuity at whitecap-wave interface

Future work is planned to test this hypothesis using bistatic radar meapzqmre of
sea scatter.

THEORETICAL SCATTERING MODELS

Many hours of high-resolution radar sea return recordings were made in thSiwapeake
Bay and in deep water off Boca Raton, Florida. In all cases, large returns were7:t43 'to
be associated with broken water in whitecaps; returns from unbroken water ,w4.f*lMrh
smaller. In all cases the returns were found to be amplitude modulated, with r&,a1Mly$
high frequencies and high modulation indexes. If these findings are genera1Itappdxe~ile,
they provide a basis for discriminating between sea return and echoes from i~Mbris
floating on the water, because the latter would display much lower frequenc itlde
modulations. The general applicability of these observations would be more accep1@le
if theoretical analysis explained and predicted the modulation characteristics" of!eL~tyrn.
As a consequence, a theoretical analysis was undertaken.

The approach to this analysis was to construct a series of possible mod4k.p0be§sur-
face and to compare calculated scattering from these surfaces with measured dati8Nthe
sea surface.

In modeling the surface, it was noted that coherent illumination at lowbggges
at a wavelength X would define the autocorrelation length in range to be X/t;tie~ e~oes
from scatterers separated in range by less than A/4 would be correlated and wouI-tHi~ ere
constructively. It was also noted that the autocorrelation time of the X-band ;eohesrpm
whitecaps was on the order of 10 ms, and that this corresponded very closely sei~tholserved
time necessary for the whitecap to grow or shrink in range length by A/4. Tlhiset$h rate
was also measured by B. L. Hicks et al. [ 51. As a consequence, all models empEJ1qnjone
scatterer per X/4 range increment, rather than a continuum of scatterers.

All models of whitecaps were based on the assumption that the whitecap jtae.erom
zero size, grew in range to a finite value, then shrank back to zero. This growthdr4l-rirk

21
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rate was assumed to be on the order of X/4 in 10 mns. These assumptions were based on
hours of visual study of the sea surface via television cameras with known frame rates
and thus were not completely arbitrary.

The various models constructed differed in the degree of randomness of the surface
and in the ratio of internal to external autocorrelation times. The latter is the time of
addition of an extra X/4 zone, and the former is the decorrelation time of scatterers in
zones already formed.

The first model of the surface to be constructed assumed that the amplitude of the
reflected signal from the nth X/4 zone added would be represented by

where Vh, was picked from a table of random numbers uniformly distributed between 0
and 1, and k was the assumed randomness, having a value from 0 to +1. The equivalent
scattering cross section of a surface composed of n zones was then defined to be

Differences in internal and external autocorrelation times were incorporated by up-
dating (drawing new random numbers for) already formed zones when such zones were
rm zone additions old. For example, an m = I would imply equal internal and external
autocorrelation times and was instrumented by summing new random numbers for each
zone every time a new zone was added. Thus, er involves different random numbers
from those forming ,n-1 or o,,,+. An m = 5 would imply an internal autocorrelation
time five times longer than the time required for the surface to grow by one zone. Thus,
new random numbers would be drawn for zones that are five zone additions old.

For all models, a was plotted against ii (the number of zones formed) for five
different realizations of the surface (five different sets of random numbers) and for k
values of 1, 0.50, and 0.25. In all cases nmax was taken to be 128, which at X-band
would correspond to a whitecap 1.05 m long. In addition, the spectrum of the resultant
time function was plotted by passing the function through a 128-point fast Fourier trans-
form (FFT) program. Since only real numbers were used, the plot was extended only
to 65 frequencies, because frequencies from 65 to 129 would be the mirror images of
those plotted.

Figure 14 is a plot of a vs n for h = 0. Note the o varation from O to lto , etc.,
as zones are added (as would be expected). The spectrum in Fig. 14 is the result of
passing the a values through the FFT, which produced a DC term and a term at half the
sampling rate.
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was always heavily amplitude modulated with modulation frequencies much higher than those
on debris echoes. These findings were explained theoretically and used in developing a debise-
avoidance radar concept for high-speed ships.
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SUMMARY

This report describes work done in developing a concept for the design of an effec-
tive debris-avoidance radar for use on high-speed ships. The work included experiments
to measure the echoing characteristics of the disturbed sea surface and of rigid debris
floating on the surface in various sea states. The goal was to find a way to suppress sea
return and detect debris.

A dual-frequency X-band radar with selectable polarization and variable pulse length
(0.5 to 0.02 ns) was developed for this purpose. Measurements were made near shore
in the Chesapeake Bay and in deep water of Boca Raton, Florida.

The experimental program revealed significant differences between echoes from the
sea surface and those from rigid floating debris.

Sea return was found to be very improbable in any given range resolution cell for
pulse lengths of 100 ns or less. When large sea returns (often called sea spikes) were
received in any resolution cell, they lasted for less than 2 s and were not repeated in
that cell for 15 to 100 s. In addition, all X-band sea return in any sea state was found
to be amplitude modulated with a high percentage of modulation at frequencies an the
order of 50 to 170 Hz. In any sea state, the probability of sea return in any given reso-
lution cell was found to be much higher with vertical polarization than with horizontal
polarization.

Returns from rigid floating debris were found to have much lower amplitude modu-
lation frequencies than sea return in any sea state tested and with any polarization em-
ptoyed. In addition, the probability of a return from rigid debris was much higher than
the probability of sea return in the range cell occupied by the debris for pulse lengths
less than 100 nS.

A theoretical model explaining the sea return characteristics was developed, It
demonstrates that conventional radar could not be used to detect debris because it
would suffer an unacceptable false alarm rate due to the random appearance of sea
spikes.

The difference in the modulation frequencies of sea and debris returns was used
in developing a detector that eliminates sea spikes and detects debris return. This de-
tector requires the radar to dwell on any resolution cell for about 20 ins. Thus, the
proposed radar employs multiple fixed beams covering an angular sector in front of the
ship.
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HIGH-RESOLUTION RADAR SCATTERING CHARACTERISTICS
OF A DISTURBED SEA SURFACE AND FLOATING DEBRIS ,

INTRODUCTION

This report will describe work done in developing a concept for an effeetixvea.dpbws-'
avoidance radar for high-speed ships. The work included both experimental an-t~~
ical efforts and resulted in a better understanding of sea scatter phenomena anm; ai~w-
concept for debris detection radar design.

The goal of this study was to find a technique for designing a radar that w ;4d
detect debris floating on a disturbed sea surface. The problem was to differer~4;.j
tween echoes from debris and those from the disturbed sea surface.

The approach to the problem was to measure the characteristics of sea retuign~as-av;--
function of polarization, carrier frequency, range resolution, angle resolution, tdiip
The samre measurements were then made on rigid debris floating on the water, .4!nm
parisons were made to determine whether there were any characteristics that WQuld7 dgs-
tinguish one from the other.

INSTRUMENTATION

A schematic of the radar developed to study debris and sea return is shown n i
1. Two continuous-wave (OW) signal generators are used as carrier sources. n
is tuned to 8.6 GHz, and the other to 9.2 GHz. The outputs of these two genem -&Q.,p
added in a hybrid and amplified in a traveling wave tube (TWT) chain; they theni-excitek
the input of a normally open diode switch. This switch is closed for the duratiori.bfl
pulse from a timing generator. The minimum usable pulse length is 20 ns, and , ;.
mum pulse length is limited by the pulse repetition period of the timing generatoi aWkieh'
is variable from 0.02-1 ins. The output of the switch passes through a circulatoi, -themt
through a polarization selector switch, and is radiated from an antenna as eitheraL-,vefita---
cally or horizontally polarized wave. The antenna is a parabolic reflector either; 1I-&-":
2.67 m in diameter with orthogonally linearly polarized feeds separately cnetdt,-
the polarization switch.

Radar echoes that enter the antenna pass through the polarization switchad:te
the radar receiver through the circulator and a diode switch that is closed by are'.0

s~~~ ioe,'" Ali;

gate pulse from the timing generator. The output from this switch passes thru.r
calibrated variable attenuator and is amplified by a low-noise TWT chain. The owktfu
of the TWT chain enters port A of a four-port circulator and couples to a band~j6,s;_t
filter that is 200-MHz-wide, tuned to 8.6 0Hz, and attached to port H of the cuqh

Manuscript submitted May 18, 1977.
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LEWIS, HANSEN, OLIN, AND CAVALEHI

Fig. 1 - Instrunentation radar

The 8.6-GHz signal passes through this filter, and the 9.2-GHz signal reflects back into
port B of the circulator. The 9.2-GHz signal exits from port C of the circulator and
passes through a bandpass filter 200-Mhz-wide and tuned to 9.2 GHz. The outputs of
these two filters are rectified in separate detectors and amplified in separate wide-band
video amplifiers. The outputs of these amplifiers are displayed as real-time video on a
two-channel oscilloscope and are also used as inputs to two range-gated sample-and-hold
circuits. The gated stretched outputs of the sample-and-hold circuits are displayed as
time functions on a two-channel oscilloscope and are also recorded on a two-channel
magnetic tape recorder.

Figure 2 is a schematic of the data recording complex. A television camera with a
zoom lens was mounted on the radar antenna with its field of view centered on the radar
field of view. Two other television cameras were used to record the real-time video and
the range-gated time functions displayed on two-channel oscilloscopes. Spliscreen tech-
niques were used to record the output of all three television cameras on the same television
recorder. This ensured time synchronization of the radar data and the optical picture of
the sea surface that produced the radar echoes.

CALIBRATION

The system was calibrated using a corner reflector with a known equivalent scattering
cross section of a = 24 m2 (Fig. 3). The variable attenuator at the input to the receiver
was adjusted so that both the real-time video and the gated stretched video were at the
upper end of the linear range of the system.

2
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SYNC

:CA MfE R A: P ~ ~~~~~~~~~~~~~ENNA ^' v

STRETCHED jL :"I;

TV~~~~~~IE

CAMERA TWO-TRACE R V R ANTENNACAMERA n OSCILLOSCOPERA

SPLIT-SCREEN . . . ._______;

VIDEO RECORD..

Fig. 2 -Recording instrumentation d

In Fig. 3 the right-hand section of the picture is the view from the boresjgha 1e-mran.
The inset at the bottom left is the real-time video and the range gage. The loWgtfittxis.'
8.6 GHz, the middle trace is 9.2 GHz, and the upper trace is the approximateximate
position. The sweep speed for the real-time video was 50 ns/cm, or 500 na pi.eep
The inset at the top left is the gated stretched video with 9.2-GHz top and 8.64lItBttom
trace. The sweep speed of these traces was 20 ms/cm (0.2 s per sweep). The 4rflk
spot on the boresight picture is the region filled by the radar beam at ranges1o-a
to minimize the parallax between the TV camera and the antenna. The dotteidieffinR
this dark spot are the region covered by the 20-ns range gate when the beam stikihe
water at a 4.60 grazing angle viewing the disturbed sea surface.

In these measurements, the radar pulse repetition frequency was 50 kHz. .

EXPERIMENTAL RESULTS

The first measurements of sea return were made at the Chesapeake Bay withithe,1-rm
diameter radar antenna, 4 m above the mean water level. The radar beamw idthis
antenna was 2.60, and the center of the beam impinged on the water at a die abC Oi.
These values yielded a 2-m cross-range resolution cell at the center of the beama6kLgiazing
angle of 4.60. The radar pulse length and range gate were 20 ns long, yielding--aEg>;;
resolution of 3.33 m.

Figure 4 typifies data obtained with vertical polarization and with 1- to itg s
The individual pictures were taken sequentially in time with approximately 0.3 sta n
pictures. This time interval corresponded to the time between sweeps of the d$15je
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(a) 50-dB attenuation in receiver

(b) 15-dB attenuation in receiver

Fig. 3 - Calibration via corner reflector (a = 24 M2 )
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portraying the gated stretched video. It should be noted that the real-time videjAoJJ3~-
f l '- 1i`0 -in these pictures corresponded to the last displayed stretched video only whenmt;el4e-

were taken before the stretched video sweep ended. In all data, the oscilloscop sfr..om
left to right in time.

Figure 4a is the start of the sequence and reveals 8.6-GHz returns (real-time--"
from two waves, one in front of and the other behind the range gate. The lattei$ Jrs
to originate from the sharp peak or crest of the second wave, and the former C to
the whitecap on top of the first wave. No returns are evident on 9.2 GHz.

Figure 4b portrays the sea surface 0.3 s later, with a large wave in the ranga g- t
no real time video returns evident on either frequency. The stretched video, I oUp<tey.:
shows evidence of some small returns on both frequencies between pictures. .'.

Figure 4c was taken 0.3 s after 4b and shows whitecaps at the two sides otje
in the range gate, a real time video return at 8.6 GHz (note the pulse fim-in), X I&2en
both frequencies in the stretched video display. The largest peaks in the stretai. t '

correspond to an equivalent scattering cross section a on the order of 1.6 m2I bXWr bew-' -
lution cell. The stretched video also shows that the return is heavily amplitude m
with nearly 100% amplitude changes in times on the order of 10 ms. - ', A; - .-# -:* -

Figure 4d, taken 0.3 s after Fig. 4c, shows a whitecap filling the azimuth A!.if,,:-
cell as the whole wave breaks. Returns are evident on both frequencies in the ,reaalet
data, and large returns are evident in the stretched video traces. The width of
whitecap in range is on the order of 1 m, and the peak equivalent scattering ct.
evident from the stretched video are in excess of 4 m2 at 9.2 0Hz and 7 m2 atlyz..-
Note that the two frequency-stretched video time functions appear to be unc
one would expect, due to the large frequency difference (600 MHz). --

Figure 4e, taken 0.3 s after Fig. 4d, shows the whitecap moved toward thtu'$
range side of the range resolution cell. The stretched video shows an extremeljgflt
return on 8.6 GHz that actually went off scale and saturated. This required a-oonfiws:
of 10 m2 . .

The next picture in the sequence (4f) shows large real-time video almost moutsptt 
range gate, and Fig. 4g completes the sequence of the wave moving through theisjgW2kte.

Figure 5 is another typical vertical polarization sequence of a whitecap fo b --
moving out of the range gate. Note that the wave traveled about 1.33 m in I
the size and shape of the broken water region were constantly changing. The Agc0isfr ' -
values in this sequence were on the order of 7 M2 . Figure 6 is a wave seque nctei - -

Figure 6 is a wave sequence taken with the radar polarized horizontally. Ijzl es
data, the calibrated attenuator was varied to increase the receiver sensitivity- by-&'- ,$e
time intervals between pictures in the sequence were 0.3 s, as in the verticallyfr . Ii
case, and all trace speeds were maintained.

Figure 6a shows a whitecap forming on a wave at the outer end of the ran g41 W.
tion cell. Note the optical image of the whitecap in the water in front of the (ohwq'.
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This optical imaging was noted many times in the measurement program and will be shown
to be significant in later sections of this report. Real-time video is evident, but the stretched
video trace had ended prior to the video occurrence and shows no data.

Figure 6b shows the whitecap greatly increased in size and indications of returns on
the gated stretched video traces. The peaks in those traces correspond to a values of 0.2
mn2 .

Figure Gc shows larger echoes on the stretched video traces, with peak a values of
about 1 mn2 . Note the characteristic high-frequency, large-percentage amplitude modulation
on the echo as a function of time.

Figure 6d shows both real-time video and previous echoes from a values on the order
of L5 m2 peak. Figures Ge and 6f complete the sequence.

Figure 7 is another typical sequence with horizontal polarization. Figure 7a starts
the sequence with no visible returns but with a large wave in the resolution cell.

Figure 7b shows the wave starting to break and evidence of radar echoes in the gated
stretched video. The peak echoes on 9.2 0Hz were from a values on the order of I n 2,
and those on 8.6 GHz were on the order of 0.5 m2 .

Figure 7c shows the wave break expanding across the azimuth resolution cell. Real-
time video is evident, and rapidly modulated returns are evident in the gated stretched
video. The a values in this picture were in excess of 15 m2 at 9.2 GHz and 0.5 m2 at
8.6 GHz.

Figure 7d shows evidence of a very large return on 8.6 0Hz (u - 2.5 m2), and the
wave is broken over most of the azimuth resolution cell.

Figure 8 shows the radar return from a semisubmerged platform on both horizontal
(Fig. Sa) and vertical (Fig. Sb) polarization. Note that the echo is modulated as the water
rises and falls. Note also that this modulation is very low in frequency compared to that
characteristic of echoes from breaking waves.

DEEP WATER DATA

Sea return measurements were also made at Boca Raton, Florida, in deep water. In
these measurements, the 2.67-i-diameter antenna was employed with a 10 beaiwidth.
The antenna was mounted on top of a building 13 m above mean sea level, and the center
of the beam intercepted the water at a distance of 530 m. This produced a grazing angle
of about 1.40. The boresight television camera field of view was narrowed to permit it
to cover the radar beam in azimuth (1°) on the split-screen display, and it provided a 2
vertical field of view.

The 530-m range and t° beamwidth produced an azimuth resolution of about 10 m,
and the 20-ns pulse yielded a range resolution of 3.33 in.
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